Nitric oxide (NO) regulates lung development through incompletely understood mechanisms. NO controls pulmonary vascular smooth muscle cell (SMC) differentiation largely through stimulating soluble guanylate cyclase (sGC) to produce cGMP and increase cGMPmediated signaling. To examine the role of sGC in regulating pulmonary development, we tested whether decreased sGC activity reduces alveolarization in the normal and injured newborn lung. For these studies, mouse pups with gene-targeted sGC-␣1 subunit truncation were used because we determined that they have decreased pulmonary sGC enzyme activity. sGC-␣1 knockout (KO) mouse pups were observed to have decreased numbers of small airway structures and lung volume compared with wild-type (WT) mice although lung septation and body weights were not different. However, following mild lung injury caused by breathing 70% O 2, the sGC-␣1 KO mouse pups had pronounced inhibition of alveolarization, as evidenced by an increase in airway mean linear intercept, reduction in terminal airway units, and decrease in lung septation and alveolar openings, as well as reduced somatic growth. Because cGMP regulates SMC phenotype, we also tested whether decreased sGC activity reduces lung myofibroblast differentiation. Cellular markers revealed that vascular SMC differentiation decreased, whereas myofibroblast activation increased in the hyperoxic sGC-␣1 KO pup lung. These results indicate that lung development, particularly during hyperoxic injury, is impaired in mouse pups with diminished sGC activity. These studies support the investigation of sGC-targeting agents as therapies directed at improving development in the newborn lung exposed to injury. soluble guanylate cyclase; cGMP; lung development; alveolarization NITRIC OXIDE (NO) and cGMP have an important role in regulating pulmonary vascular function and development. NO produced by nitric oxide synthase (NOS) in endothelial cells diffuses into subjacent vascular smooth muscle cells (SMCs), where it stimulates soluble guanylate cyclase (sGC) to increase cGMP production. Functional sGC is a heterodimeric protein that consists of an ␣-and ␤-subunit. Although each subunit can exist as two isoforms, the subunit isoforms exhibit differential expression in tissues. sGC-␣1␤1 and sGC-␣2␤1 are expressed in the lung although the former dimer is more abundant (40). cGMP regulates pulmonary vascular tone (27) and SMC differentiation (21, 80) primarily through interacting with cGMPdependent protein kinase (PKGI), stimulating its proteolysis and nuclear localization (29, 60, 70) .
Nitric oxide (NO) regulates lung development through incompletely understood mechanisms. NO controls pulmonary vascular smooth muscle cell (SMC) differentiation largely through stimulating soluble guanylate cyclase (sGC) to produce cGMP and increase cGMPmediated signaling. To examine the role of sGC in regulating pulmonary development, we tested whether decreased sGC activity reduces alveolarization in the normal and injured newborn lung. For these studies, mouse pups with gene-targeted sGC-␣1 subunit truncation were used because we determined that they have decreased pulmonary sGC enzyme activity. sGC-␣1 knockout (KO) mouse pups were observed to have decreased numbers of small airway structures and lung volume compared with wild-type (WT) mice although lung septation and body weights were not different. However, following mild lung injury caused by breathing 70% O 2, the sGC-␣1 KO mouse pups had pronounced inhibition of alveolarization, as evidenced by an increase in airway mean linear intercept, reduction in terminal airway units, and decrease in lung septation and alveolar openings, as well as reduced somatic growth. Because cGMP regulates SMC phenotype, we also tested whether decreased sGC activity reduces lung myofibroblast differentiation. Cellular markers revealed that vascular SMC differentiation decreased, whereas myofibroblast activation increased in the hyperoxic sGC-␣1 KO pup lung. These results indicate that lung development, particularly during hyperoxic injury, is impaired in mouse pups with diminished sGC activity. These studies support the investigation of sGC-targeting agents as therapies directed at improving development in the newborn lung exposed to injury. soluble guanylate cyclase; cGMP; lung development; alveolarization NITRIC OXIDE (NO) and cGMP have an important role in regulating pulmonary vascular function and development. NO produced by nitric oxide synthase (NOS) in endothelial cells diffuses into subjacent vascular smooth muscle cells (SMCs), where it stimulates soluble guanylate cyclase (sGC) to increase cGMP production. Functional sGC is a heterodimeric protein that consists of an ␣-and ␤-subunit. Although each subunit can exist as two isoforms, the subunit isoforms exhibit differential expression in tissues. sGC-␣1␤1 and sGC-␣2␤1 are expressed in the lung although the former dimer is more abundant (40) . cGMP regulates pulmonary vascular tone (27) and SMC differentiation (21, 80) primarily through interacting with cGMPdependent protein kinase (PKGI), stimulating its proteolysis and nuclear localization (29, 60, 70) .
Several studies suggest that NO regulates the maturation of the normal and injured lung. The role of NO in modulating pulmonary development is supported by studies in which NO donors were observed to increase branching morphogenesis of cultured fetal rat lungs (78) and in which mouse pup lungs deficient in the constitutive endothelial isoform of NOS (NOSIII) were reported to have decreased microvascular development and expression of angiogenic factors, such as vascular endothelial growth factor-A, Flk-1, and TIE2 (32) . Emerging evidence indicates that NO also regulates the maturation of the injured newborn lung. For example, the expression of several NOS isoforms was reported to be decreased in a prematurely born baboon model of lung injury (1) , and the level of NOSIII was noted to be decreased in the small pulmonary arteries of both fetal lambs exposed to endotoxins and chronically ventilated preterm lambs (36, 44) . Moreover, although NOSIII-deficient mouse pups have normal alveolar development in infancy, when reared during exposure to mild levels of hypoxia, they had decreased alveolarization and pulmonary microvascular development (10) . Furthermore, exposure to exogenous NO was reported to improve alveolarization in the injured developing lung. For example, inhaled NO gas decreased abnormal pulmonary SMC proliferation in rat pups with lung vascular injury (63, 64) and increased alveolar development following hyperoxic lung injury in rat pups (42) or following hypoxic lung injury in NOSIII-deficient mouse pups (7) . In addition, inhaled NO improved alveolarization in prematurely born baboons and lambs with oxygen-and ventilator-induced lung injury (12, 45) . When taken together, these studies indicate that NO regulates lung development, particularly during pulmonary injury.
The mechanisms through which NO regulates lung maturation are incompletely understood. Indirect evidence suggests that sGC might play a role in protecting the development of the injured lung. For example, sGC expression and activity have been observed to be downregulated in newborn lung injury models (6, 13, 72) , and increasing cGMP levels with phosphodiesterase inhibitors has been reported to improve the maturation of the injured lung (77) . However, several studies indicate that NO also mediates protein nitrosylation (41) , and it is thus possible that NO could regulate lung development through mechanisms that are independent of sGC and cGMP (5, 67) . Moreover, cGMP is also produced from natriuretic peptidestimulated particulate guanylate cylases in the lung, and such NO-independent cGMP sources could regulate lung development through mechanisms that do not require sGC.
Here we tested the hypothesis that sGC regulates lung development and its response to injury. We observed that, in the lungs of mouse pups deficient in one sGC isoform, sGC-␣1, the levels of sGC-␤1 protein expression, sGC enzyme activity, and cGMP are diminished. This result confirmed the utility of the sGC-␣1 KO mouse pup to test our hypothesis. We then observed that the decreased sGC activity level was associated with diminished lung volumes in air-breathing knockout mouse pups although airway septation and somatic growth were unchanged. However, the decreased sGC activity combined with mild O 2 -induced pulmonary injury produced striking reductions in alveolarization, expression of pulmonary artery SMC differentiation marker proteins, and activation of peripheral lung fibroblasts. The results of these studies suggest that sGC plays an important role in modulating newborn pulmonary injury and help identify sGC as a potential target for therapies directed at mitigating alveolarization in the injured newborn lung.
MATERIALS AND METHODS
Experimental design. The Subcommittee for Research Animal Studies at the Massachusetts General Hospital approved the animal study protocols used in this investigation. Generation of sGC-␣1 KO mice with a targeted deletion of exon 6 of sGC-␣1 on the C57BL/6 background was described previously (18) . These sGC-␣1 KO mice were previously shown to express a catalytically inactive, mutant sGC-␣1 isoform (18, 19, 73) . C57BL/6 mice were studied because previous studies indicated that this strain of mouse pups exhibits decreased alveolarization when exposed to oxygen-rich environments (53, 58) .
Three days after full-term delivery, paired litters of newborn mouse pups and their mothers were moved to a quiet, special purpose room, where they remained in their cages and breathed either 70% O 2 while in a 15-l plastic exposure chamber or air while residing on a laboratory bench. The oxygen concentration in the chamber was measured using an electrochemical analyzer (Maxtec OM-25RME). The flows of oxygen and nitrogen were carefully regulated using flow meters (Cole-Palmer) to maintain a fresh O 2 gas flow rate 8 -10 times the calculated oxygen consumption of the litter and mother (59) . Both mothers and pups tolerated this exposure well, as also reported by others (8, 24) . The mice had continuous access to food and water, and, every 4 days, fresh bedding was placed in the cages. The room was illuminated for 12 h per day. The effect of sGC-␣1 deficiency and air or 70% O 2 exposure on lung structure was determined after 10 days, on postnatal day 13, and lung myofibroblast differentiation was assessed after 9 days of exposure to the gases because it is at approximately this postnatal age that sGC subunit expression and activity and alveolar and microvascular development peak in wildtype (WT) rodents (14, 17, 48, 52) . Moreover, the effect of sGC␣1 deficiency on lung structure in air-breathing pups at postnatal day 3 was determined because this is before the age when secondary septation is observed in the mouse pup lung (2) .
Detection of cGMP signaling enzymes using immunoblotting. sGC isoform and PKGI protein expression levels were determined in soluble fractions of whole lungs using protein blot hybridization and commercially available antibodies. To obtain the protein for analysis, sGC-␣1 KO and WT 10-day-old mouse pups were killed using an intraperitoneal injection of 200 mg/kg pentobarbital sodium, and then lung tissues were obtained by dissection, blotted to remove excess blood, quickly frozen using liquid N 2, and stored at Ϫ80°C. Subsequently, the frozen lungs were pulverized, and proteins were solubilized using ice-cold lysis buffer containing 50 mM Tris·HCl, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol, and supplemented with 1:100 volume protease inhibitors (Sigma P8340). After determining the protein in soluble fractions, using BCA protein assay reagent (Pierce), we resolved 50 g of protein using SDS-PAGE, electroblotted onto polyvinylidene difluoride membranes, and blocked using 5% nonfat dry milk in Tris-buffered saline containing 0.05% Tween 20. The membranes were then reacted with the following antibodies: antisGC-␣1 (Cayman Chemical 160895), anti-sGC-␣2 (Lifespan Biosciences LS-C98331), anti-sGC-␤1 (Cayman Chemical 160897), and anti-PKGI (Cell Signaling clone C8A4). This anti-PKGI antibody detects the COOH-terminal catalytic domain, which is conserved in both PKGI-␣ and PKGI-␤, the prominent isoforms of PKGI expressed in the lung. The PKGI isoforms migrate similarly in the SDS-PAGE gel employed in this study. The immunocomplexes were detected using peroxidase-conjugated secondary antibodies and enhanced chemiluminescence. Equal protein transfer was confirmed by reprobing the membranes with an antibody that detects ␣-tubulin (Sigma clone DM1A).
sGC enzyme activity in mouse pup lungs. sGC enzyme activity was determined in soluble lysates of whole lungs by measuring cGMP production using previously described methods (19) . The lungs of 10-day-old mouse pups were collected and rapidly frozen, and soluble protein extracts were obtained from pulverized frozen lungs using lysis buffer defined above. sGC activity was measured by assessing cGMP levels in reaction buffers containing 75 g of soluble lung protein, 1 mM GTP, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.1 mg/ml creatine phosphokinase, 7.5 mM creatine phosphate, 4 mM MgCl 2, and 50 mM Tris·HCl, pH 7.4, with or without 1 mM sodium nitroprusside (SNP), an NO donor. This amount of SNP has been observed to maximally stimulate sGC enzyme activity (14) . IBMX is an inhibitor of cGMP hydrolysis by phosphodiesterases. After incubating the solutions at 37°C for 10 min, the reaction was terminated by the addition of 0.2 ml ice-cold 0.05 N HCl. The cGMP levels were measured after 10 min of SNP stimulation because, in pilot studies, we observed that the sGC activity in the reaction mixture at this time point was not limited by substrate availability. Following lyophilization and acetylation, the cGMP concentration in the samples was measured by ELISA using a commercially available kit (Biomedical Technologies BT-740).
Analysis of lung structure. The mouse pups were weighed and then killed as above. The lungs were fixed in a distended state by instilling 4% paraformaldehyde in the airways at 22 cmH2O water pressure, as previously described (53) . Subsequently, the lungs were removed from the thorax, and the total lung volume was measured using the Archimedes principle. Subsequently, a 2-3-mm-thick transverse section was obtained from the middle of the left lung, dehydrated using graded ethanol baths and Clear Rite 3 (Richard Allen Scientific), and embedded in paraffin. After obtaining 6-m-thick sections, we removed the paraffin, and we stained the lung tissue with toluidine blue. Lung images used for the structural analysis were captured using an integrated microscope and digital camera system (Nikon CoolScope) and an unbiased systematic sampling approach. Blood cells and debris in the alveoli and large vascular structures in the lung images were masked using an image-processing program (Adobe Photoshop). During the image capture and masking, the investigators were unaware of the genotype and oxygen exposure level of the lung specimen.
The structure of lungs obtained from 13-day-old (P13) mouse pups was analyzed objectively using the following methods. To analyze mean linear intercept length (Lm), the lung slices were divided into four regions, and two 0.08 mm ϫ 0.06 mm images that excluded large airway and vascular structures were obtained from within each region. The Lm was determined using a dissector containing horizontal lines that were 12.6 m apart, ImageJ (61), and methods described previously (53) . Such grid-line spacing provides an appropriate sampling of chords in the mouse lung (51) . Moreover, we determined that this horizontal line spacing permitted assessment of chord lengths in each airspace of the peripheral pup lung (data not shown). As previously described, chord lengths Ͻ8 and Ͼ500 m long were discarded to reduce data associated with artifacts and large conducting airways (53) . At least 38,000 chords from lungs of 12 pups per genotype and oxygen-treatment level were analyzed using this method.
The novel log-area and circularity (LArC) analysis of lung airway structures takes advantage of the notion that gas exchange units formed during alveolarization and affected by injury in the newborn tend to be smaller and rounder (have a circularity closer to 1), whereas conducting airways that are relatively unchanged during lung matu-ration or injury in the newborn are larger and more oblong (have a circularity Ͻ1). Although others have examined airway circularity itself as a means to evaluate alveolar expansion by pulmonary surfactant (31) or alveolar heterogeneity in lung injury (23) , to our knowledge, this report contains the first attempt to assess lung development by analyzing both airspace area and circularity and comparing their distribution by applying standard statistical testing.
The peripheral lung LArC data were obtained using the same images that were used for the Lm analysis. After the images were thresholded using a Renyi entropy method (37) and segmented using binary morphological processing, the regions representing airspace were enumerated using connected component labeling (33) . Airspaces touching the image boundary were removed. Area and perimeter length for the remaining airspaces were determined using pixel counting. The circularity of each airspace was determined using the following equation: (4 ϫ area)/perimeter 2 . This isoperimetric factor defines circularity as the ratio of the area of the airspace to the area of a circle with the same perimeter. Defined this way, circularity is bounded between a value of 0 and 1, with a value of 1 for circular airspaces, and lower values for less round ones. Of note, in previous reports, airway circularity was examined by using the Heywood circularity factor (HCF). However, we chose to improve the comparability of the airspace shapes in the genotype and O 2-exposure groups in this study by using 1/√HCF to estimate circularity, because 1 and 0 would bound the resulting metric, whereas the HCF is unbounded. The LArC data were analyzed using an automated method and a custom script (Mathworks MATLAB). Airspaces with areas Յ64 m 2 and Ն2,500 m 2 were discarded to reduce the analysis of artifacts and large conducting airways. Using this method, over 3,000 airspace structures were analyzed in each treatment group consisting of 12 pups.
To facilitate visual comparisons between the airspace area and circularity in the different groups, we introduced three additional aspects to the analysis. First, we performed a log-transformation of the airspace area, thereby generating data with a Gaussian distribution (data not shown) to visualize disparate values more easily. Second, we divided the log area-circularity values into data bins, and the number of assignments to each bin was tabulated to create a discrete estimate, or frequency map, of the underlying joint distribution. Third, a color scale was applied to distinguish the number of airspaces in each bin, and the data were assembled into graphical heat maps. The bin widths in the LArC data heat maps were determined analytically from the data from the air-breathing WT mouse pup lungs using an algorithm defined by Wand (74) employing the following formula: 3.49 ϫ [min(s, IQR/1.349)] ϫ n Ϫ1/3 . The selection of bin width is important for computing frequency maps that faithfully represent the underlying distributions, allowing distinguishing differences to be noted while still classifying similar data into common bins. The importance of using appropriate bin numbers to represent quantized LArC data was verified by comparing the output of LArC data analyses performed with varying numbers of bins (data not shown). With too few bins, the differences between the LArC data distributions of the groups are difficult to appreciate. Finally, we note that the LArC data analysis permits unbiased comparisons of lung structure between groups through the use of Chi-square analysis of independence and the determination of distance maps.
The septal density and alveolar ring estimator (ARE) data were obtained using 0.85 mm ϫ 0.65 mm images from sequential sections of the lungs, using a modification of a method described by others (57) . To facilitate the analysis, images from adjacent lung sections were placed in a stack and then simultaneously registered using an unwarping method based on elastic deformations represented by B-splines and the bUnwarpJ ImageJ macro (3). Subsequently, three nonoverlapping 200 ϫ 200 m dissectors were applied to the registered figures, in areas that did not include large airways or vessels, and the resulting images were unstacked. The total number of septae was determined in each dissector; the median number of septae was used in determining the septal density. For determining the numbers of alveolar openings and closings, the bridges and islands within the dissectors were counted. As defined by others (35, 57) , a bridge (B) was counted when two free edges of an airspace structure in one section united into a single structure in the adjacent section, and an island (I) was counted when an isolated portion of an airspace wall appeared in one section but not in the adjacent lung section. Bridges and islands that originated outside of the dissector window were ignored. The identification of structures occurred in both directions, i.e., using each serial section as a reference for comparison with the other. The ARE was calculated using the formula: ARE ϭ Ϫ⌬ ϭ Ϫ(I Ϫ B)/2. ⌬ represents the contribution from the two adjacent dissector fields to the total Euler number of the lung. Because I Ͻ B, Ϫ⌬ was analyzed to convert the estimator to a positive integer. The dissectors employed in this study allowed the sampling of the alveolar rings in at least twice the relative lung area used by others (57) . During the identification of airspace septal structures, bridges, and islands, the investigator was unaware of the genotype or oxygen exposure level of the lung section.
Detection of lung smooth muscle myosin heavy chain protein expression. Smooth muscle myosin heavy chain (SMMHC) immunoreactivity was detected in P13 mouse pup lung sections, obtained as described above. The lung sections were treated with antigen retrieval solution (BD Biosciences Retrievagen A), blocked with 1% horse serum, and then incubated with an anti-SMMHC antibody (Biomedical Technologies BT-562) or preimmune rabbit serum overnight at 4°C. Subsequently, the lungs were treated with a biotinylated antirabbit antibody, avidin-biotin complexed alkaline phosphatase, and then a colorimetric substrate (Vector Laboratories Vector Red). After the lung sections were counterstained using hematoxylin, images were captured using a wide-field microscope with an attached CCD camera system. Nonspecific immunoreactivity was not observed in the lung sections treated with the preimmune rabbit serum (data not shown).
Evaluation of pulmonary fibroblast activation. Fibroblasts were isolated from peripheral segments of mouse pup lung tissue using previously described methods (6) . In brief, after the mouse pups were killed with pentobarbital sodium, an ϳ1-mm-thick layer of the peripheral lung that excluded large airways and vessels was obtained with the aid of a dissecting microscope. The tissue was then minced and treated with 2 mg/ml collagenase (Worthington CLS-2) in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine (complete media, CM) for 2-4 h at 37°C with intermittent agitation. Cells released from the digested lung tissue were then collected by centrifugation at 300 g for 5 min and resuspended in CM. The fibroblasts from four pup lungs in each group were pooled and then were allowed to adhere to tissue culture dishes or chamber slides. After 1 h, the media was removed, and the attached cells were maintained in CM.
␣-Smooth muscle actin (␣-SMA) immunoreactivity in isolated peripheral pup lung fibroblasts was quantified by flow cytometry, using a modification of the method described by Kimani and coworkers (39) . After maintenance in CM for 4 days, the isolated cells were removed from tissue culture dishes using EDTA-trypsin, washed with CM and then PBS, and then fixed with 2% paraformaldehyde in PBS (vol/vol) at 4°C for 20 min. After being permeabilized with 0.1% saponin in PBS (wt/vol) at 4°C for 10 min, the cells were blocked with 5% (wt/vol) nonfat dry milk at 4°C. Subsequently, ϳ2 ϫ 10 5 cells were reacted for 30 min at room temperature with either Alexa Fluor 488-conjugated anti-␣-SMA 1A4 monoclonal mouse antibody (R&D Systems IC1420G) or isotype control IgG2A antibody (R&D Systems IC003G) diluted in 0.1% saponin in PBS. After being washed with 0.1% saponin in PBS, the cells were resuspended in PBS. Flow cytometry was performed using at least 5,000 gated events captured with an analytic B-D LSRII flow cytometer employing a 488-nm laser.
Analytical methods. The lungs used for structural analysis were obtained from at least three independent litters and exposure experiments. Previous experiments indicated that 12 pup lungs per group would be necessary to detect at least a 10% change in Lm with a Type I error of 0.05 and a power of 0.90 (53) . Therefore, lung images of this number of pups were used for the Lm analysis. In agreement with reports by others (43) , kernel density plots revealed that the Lm data from the pup lungs had a positive skew. Accordingly, Lm medians and 95% confidence intervals (CI) were determined after performing a log-transformation, which normalized the distribution as demonstrated by quantile-quantile plots. Subsequently, an exponential transformation of the Lm values was employed to convert the data back to a linear scale. The ARE data appeared to have a bimodal distribution; consequently, the median and quartile ARE data were represented using a box plot. The group Lm and ARE data were first compared using a Kruskal-Wallis rank sum test, and then post hoc analysis was performed using a Mann-Whitney U-test with a Bonferroni adjustment. The LArC analysis data distributions from each group were compared using 2 test of independence. Because several LArC analysis data bins contained no members, this 2 analysis was performed using the original data set as well as one in which the data was rebinned in a 4 ϫ 9 array, a resolution that resulted in fewer zero bins. A Bonferroni correction for multiple comparisons indicated that the significance P value for 2 test of independence should be 8 ϫ 10 Ϫ3 . 2 Distance (D) was calculated using the numbers of elements within corresponding LArC analysis bins (i) of the compared genotypes and exposure gas groups (x, y) and the following equation (20):
. The ␣-SMA immunoreactivity of the fibroblasts isolated from the peripheral mouse pup lung was analyzed using the Bioconductor package of R (28) . The background fluorescence of the cells detected with the nonimmune IgG control antibody was minimal and equal in cells derived from WT and sGC-␣1 KO mouse pups treated with air or 70% O2. After applying identical rectangular laser beam side-and forward-scatter gates to compensate for fragmented and dead cells and a boundary filter to remove oversaturated data, we performed a sine hyperbolic function transformation for the ␣-SMA immunoreactivity/ Alexa 488.A channel of the data. An unsupervised model-based clustering approach described by Naumann and coworkers [curvHDR, (54, 55) ] was then employed to group the peripheral lung fibroblasts based on similarity in the ␣-SMA immunoreactivity levels. This method classes cell characteristics by first identifying data group boundaries that have statistically significant high negative curvatures and then refining the region limits by examining local density functions. This approach for gating cells is especially suitable for data that does not have a parametric distribution, such as was observed in our flow cytometry study. In our studies, optimization of the data bandwidth used for the Hessian matrix estimation at a P Ͻ 0.05 statistical threshold revealed that the cells are best divided into four clusters based on their size and ␣-SMA immunoreactivity. A similar number of groupings was suggested by inspection of the frequency distribution of the ␣-SMA reactivity data. In a second stage of analysis, polygonal gates representing the group boundaries were applied to the data, and the number of cells within the groups was determined.
The frequency distributions of the ␣-SMA immunoreactivity data that were obtained using flow cytometry were compared using probability binning (65) and a custom R script. We report T(X) from this analysis because this statistic indicates the number of standard deviations that the normalized 2 , which is calculated from the binned distributions, is above the one in which there is no distribution difference. The data obtained from the peripheral lung fibroblasts of the WT mouse pups that breathed air were used to construct the control frequency distribution. The number of bins used in this analysis was determined using the method described by Wand (74) . To adjust for multiple comparisons of the fluorescence distributions using a Bonferroni correction, a T(X) Ն 4, which corresponds to P Ͻ 0.01 (65), was considered significant.
The effect of sGC-␣1 deficiency and oxygen-induced lung injury on body weights and lung volume was analyzed using a factorial model of ANOVA. When significant differences were detected, a Tukey's HSD test was used post hoc. Unless otherwise indicated, the data are presented as means Ϯ SD. With each test, significance was determined at P Ͻ 0.05, except as noted above.
RESULTS
sGC-␤1 protein expression and sGC activity are decreased in sGC-␣1 KO mouse pup lungs. Although sGC subunit and activity levels have been reported to be decreased in the adult sGC-␣1 KO mouse lung (19, 47) , it was unknown whether the upregulation of sGC isoform expression observed in the developing lung (14) , particularly of the sGC-␣2 subunit, would preserve sGC activity in the sGC-␣1 KO mouse pup lung. Therefore, we examined sGC subunit expression and enzyme activity in the sGC-␣1 KO mouse pup lung. The protein levels of sGC-␣1, sGC-␣2, and sGC-␤1 subunit isoforms were examined because they are the most abundant ones expressed in the mouse pup lung. Moreover, PKGI protein expression was determined because cGMP activation of this kinase is critical for the vasodilatory (27) and cell phenotype regulation activities of sGC (21), and sGC can regulate PKGI gene expression in cultured vascular SMC (15, 16) . As shown in Fig. 1 , deficiency of sGC-␣1 expression in the KO mouse pup lung was associated with a marked decrease in sGC-␤1 but preservation of sGC-␣2 and PKGI protein expression levels compared with those observed in the WT pup lungs. Quantitation of the protein immunoreactivity revealed that the sGC-␤1 protein levels are decreased by Ͼ75% in the sGC-␣1 KO mouse pup lung although the levels of the other cGMP signaling proteins that we measured are unchanged.
Because sGC subunit isoform expression levels do not always correlate with sGC enzyme activity (30), we next examined whether the decreased sGC-␣1 and sGC-␤1 protein levels observed in the sGC-␣1 KO mouse pup lung are associated with diminished sGC activity. Both basal and stimulated sGC enzyme activity were measured by assessing the cGMP levels in soluble protein fractions from whole lung lysates of 10-day-old pups in the presence of a cGMP hydrolysis inhibitor with or without SNP. As shown in Fig. 2 , the basal and SNP-stimulated sGC activity levels were decreased by about 100-fold in sGC-␣1 KO pup pulmonary lysates compared with the basal and NO-stimulated sGC activity levels observed in WT pup lung lysates. Also of note, SNP treatment was found to cause nearly a 10-fold increase in cGMP production in both the sGC-␣1 KO and WT lung lysates. This similar sGC activation by SNP suggests that, although sGC enzyme activity is decreased in the sGC-␣1 KO lung, it responds normally to NO stimulation. The low levels of cGMP in the lungs of the sGC-␣1 KO pups are likely generated by residual sGC-␣2␤1 activity.
sGC deficiency exacerbates alveolar growth inhibition caused by hyperoxic injury. Because decreased sGC activity was detected in the newborn sGC-␣1 KO mouse lung, we next examined whether these mouse pups had decreased alveolarization with and without lung injury. The mouse pup lung structure was examined in 3-day-old (P3) sGC-␣1 KO pups because this would provide a comparison of baseline pulmonary structure before secondary lung septation, a period when sGC expression peaks in the WT lung (14) . Moreover, the lung structure was examined in P13 mouse pups because alveolarization is nearly complete in mice by that age (17, 48, 52) . The pups were exposed to 70% oxygen because pilot studies determined that this oxygen level produced only minimal changes in alveolarization in WT mice.
As shown in Fig. 3 , there appeared to be no difference in the peripheral lung structure of P3 sGC-␣1 KO mouse pups compared with WT controls. This was expected because the low sGC subunit expression observed in the WT fetal lung was thought to have little influence on the embryonic and fetal stages of lung development. However, the P13 hyperoxic WT and air-breathing sGC-␣1 KO pup lung appeared to have similar mild changes in acinar structure, and a decrease in alveolarization was most pronounced in the sGC-␣1 KO pup lungs that were exposed to 70% O 2 .
For an unbiased examination of the effects of decreased sGC activity and injury on lung development in the P13 pups, morphometric analyses were performed. The Lm was analyzed because it has been a standard metric that is often used to examine newborn lung development. The Lm measures intraairspace distances (including alveoli and conducting airways), inversely correlates with lung internal surface area, and decreases during alveolarization. Although we observed that the Lms of the air-breathing sGC-␣1 KO and WT pup lungs were not different (Lm in m, median Ϯ 95% CI, WT-air 24 Ϯ 1, sGC-␣1 KO 24 Ϯ 1), the Lms were larger after hyperoxic lung injury and greatest in the sGC-␣1 KO pup lung exposed to 70% O 2 (WT-70% O 2 25 Ϯ 1, sGC-␣1 KO-70% O 2 28 Ϯ 1, P Ͻ 0.01 air vs. 70% O 2 and sGC-␣1 KO vs. WT). Although similar Lms were observed in the air-breathing sGC-␣1 KO and WT mouse pups, the reduction in sGC-␣1 KO mouse pup lung volumes that we detail below suggests that sGC deficiency likely decreases lung internal surface area (34, 71) .
Inspection of the P13 mouse pup lung images suggested that small peripheral airspaces were fewer in number in the airbreathing sGC-deficient mouse compared with the air-exposed WT mouse. Thus we next employed morphometric tools that detail the structure of small airspaces. Previously described approaches that measure airway area have relied on arbitrary size cut-offs, limiting their success in distinguishing alveoli from conducting airways (43, 46, 75) . Therefore, to focus on small gas-exchanging structures that might be modified in the injured lung, we employed a novel area-circularity analysis method, which we report here for the first time, and an alveolar Fig. 2 . sGC enzyme activity level is decreased in the sGC-␣1 KO mouse pup lung. sGC activity was determined by measuring cGMP levels in soluble fractions of the indicated mouse pup lungs treated with or without 1 mM sodium nitroprusside (SNP; a nitric oxide donor) for 10 min; cGMP levels were referenced to the lung protein quantity in the sample. sGC enzyme activity level in sGC-␣1 KO pup lung lysates was 100-fold less than in WT. Nevertheless, SNP stimulated a 10-fold increase in sGC enzyme activity in lung lysates from sGC-␣1 KO and WT pups, suggesting that residual sGC-␤1 formed functional dimers with sGC-␣2 in the sGC-␣1 KO pup lung. N ϭ 12 per group. *P Ͻ 0.05 for the difference between SNP-stimulated and unstimulated lung lysates, and for the difference between WT and sGC-␣1 KO lung samples. ring estimator, which is a minor modification of the connectivity method of alveolar counting that was developed by others (35, 57) . The LArC data analysis stems from our postulate that the alveoli can be distinguished from other types of airspace structures (e.g., bronchioles) by their relatively small size and round shape in cross-section. As described in MATERIALS AND METHODS, such data can be collected effectively from peripheral lung images using algorithms designed for object pattern recognition, quantized in a manner that preserves airway size and shape information, visualized using a heat map, and compared using standard statistical methods. The LArC analysis permitted the observation of important differences in small airway development in the sGC-␣1 KO mouse pups. As shown in Fig. 4 , and in agreement with inspection of lung images, the greatest difference in the number of small circular peripheral airspace structures was observed between air-breathing WT pup lungs and 70% O 2 -exposed sGC-␣1 KO mouse pup lungs. However, when compared with air-breathing WT pups, both air-exposed sGC-␣1 KO and 70% O 2 -treated WT mouse pups had similarly decreased numbers of small round peripheral lung airspace structures. The differences between the LArC distributions of the groups, illustrated by the heat maps (Fig. 4) , were supported by 2 analysis; the 2 distances and P values for the data reduced to 5 ϫ 9 bins are shown in Table 1 . These data suggest that sGC deficiency importantly decreases alveolar development, although to a lesser extent in air-exposed mouse pup lungs.
To further test whether decreased sGC activity alters mouse pup alveolar development, we determined the septal densities in the mouse pup lungs. As shown in Fig. 5 , the injured sGC-␣1 KO mouse pup lung had decreased septation. To further detail pulmonary development, we also applied a recently described morphometric method, originally employed to quantify the total number of alveoli in the lung, to examine the effect of decreased sGC activity on alveolar structures in peripheral sections of mouse pup lungs. The method estimates the number of alveoli in the whole lung by performing a topological analysis of the connectivity of the lung (35, 56, 57) . This approach is specific for alveolar structures because it estimates the number of connections in the two-dimensional network (alveolar rings or openings) located within a threedimensional space (the lung). Another strength of this ap- Representative images of toluidine blue-stained sections of mouse pup lungs that were inflation fixed at postnatal day 3 (P3) and 13 (P13). A: peripheral lung structure of P3 sGC-␣1 KO pup lungs appeared to be similar to that of WT ones. B: in contrast, P13 sGC-␣1 KO pup lungs had fewer and larger airspace structures than WT ones at the indicated oxygen exposure levels. The most severe lung phenotype was observed in the sGC-␣1 KO mouse pups exposed to 70% O2. Scale bar ϭ 20 m.
proach is that it makes no assumptions regarding shape, size, or orientation of the alveoli. Because we were interested in examining alveolar development, we focused our analysis of lung connectivity to the peripheral lung and designated our metric as the ARE (see MATERIALS AND METHODS). In agreement with the most marked change in Lm, septal density, and LArC values, the ARE was significantly decreased in the 70% O 2 -exposed sGC-␣1 KO pup lungs compared with the others (Fig.  5) , suggesting that sGC deficiency most impairs alveolar formation in the injured newborn lung. sGC-␣1 deficiency inhibits lung and somatic growth in mouse pups. As shown in Fig. 6A , air-exposed sGC-␣1 KO pups had smaller lung volumes, with and without normalizing to body weight, than air-exposed WT pups. Lung volume normalized for body weight was significantly greater in both WT and sGC-␣1 KO pups exposed to 70% oxygen for 10 days, compared with air-exposed pups. These data suggest that decreased sGC activity diminishes lung growth but does not affect the mild increase in lung volume caused by oxygeninduced lung injury. The effect of decreased sGC activity on somatic growth was assessed by weighing pups on postnatal day 13. Although there was no difference in body weights between sGC-␣1 KO pups breathing air and WT pups breathing air or 70% O 2 , sGC-␣1 KO pups breathing 70% O 2 had decreased somatic growth (body weight in g, WT-air 5.89 Ϯ 0.88, WT-70% O 2 5.51 Ϯ 0.65, sGC-␣1 KO-air 6.39 Ϯ 0.64, sGC-␣1 KO-70% O 2 4.36 Ϯ 0.30; 12-34 per group, sGC-␣1 KO-70% O 2 , P Ͻ 0.05 vs. others). To control for differences in pup weights due to litter size, the relationship between the number of pups in a litter and the combined pup weights in the litter were also compared, as described (22) . As shown in Fig.  6B , this relationship confirmed that somatic growth was inhibited primarily in the sGC-␣1 KO mouse pups exposed to 70% O 2 . Of note, both WT and sGC-␣1 KO pups conform to the previously reported weight-litter size relationship (22) and have similar slopes, suggesting that pup growth varies similarly with litter size regardless of genotype or hyperoxia exposure. However, the significantly lower y-intercept of the line based on the 70% O 2 -exposed sGC-␣1 KO litters confirms that the overall average lower weight of these pups is not due to skewing by a preponderance of large litters (with smaller pups) in this group. Furthermore, because more severe impairments in lung development have been correlated with greater reductions in somatic growth (10, 53, 58, 66), this result supports our observations showing that hyperoxia impairs lung development to a greater extent in sGC-␣1 KO than in WT newborns.
Smooth muscle myosin heavy chain expression is decreased in the injured sGC-␣1 KO mouse pup lung. cGMP plays an important role in regulating vascular SMC differentiation and proliferation (reviewed in Ref. 60 ). Therefore, we examined whether the sGC-␣1 KO mouse pup lung has decreased expression of the SMC marker SMMHC in the pulmonary microvasculature. SMMHC is a subunit of myosin that is ex- Oxygen exposure decreases alveolarization in sGC-␣1 KO pup lung. Alveolarization was assessed in the indicated pup lungs by determining the septal density and using an alveolar ring estimator (ARE), a derivative of the Euler number of the network of alveolar openings as described in the text, using 6 mouse pup lungs per group. *P Ͻ 0.05 for 70% oxygen-exposed sGC-␣1 KO lung compared with each other group.
pressed in SMCs residing in pulmonary arteries, but not veins, and in the acinar wall commencing in the saccular phase of lung development (49, 76) . As shown in Fig. 7 , and in agreement with observations by others (50, 76) , SMMHC immunoreactivity was detected in the mouse pup pulmonary arteries in the peripheral lung and in cells in the alveolar septae. However, in the O 2 -injured sGC-␣1 KO mouse pup lung, the SMMHC expression levels were decreased in these cells. A similar reduction of ␣-SMA immunoreactivity was observed in the injured sGC-␣1 KO pup lung (data not shown) although ␣-SMA is not exclusively expressed in SMCs in the lung.
To examine whether decreased sGC activity is associated with increased fibroblast activation in the O 2 -injured sGC-␣1 KO pup lung, we analyzed ␣-SMA immunoreactivity in fibroblasts isolated from the peripheral pup lung using an anti-␣-SMA antibody and flow cytometry. Studies by others show that fibroblast activation is associated with an increase in ␣-SMA expression in the lung (68) . As shown in Fig. 8 , four populations of peripheral pup lung fibroblasts were identified based on cell size characteristics (forward scatter) and ␣-SMA immunoreactivity. The cells were automatically parsed into these groups using data-driven gating algorithms (55) , and the differences in the ␣-SMA immunoreactivity were shown using probability binning methods (65) . The T(X) values indicate that each distribution of ␣-SMA immunoreactivity in the peripheral lung fibroblasts is different from that observed in cells derived from the other mouse pups (P Ͻ 0.01). The normalized 2 distances associated with the distributions are shown in Table 2 . The two cohorts of cells with the lowest ␣-SMA immunoreactivity essentially did not express this SMC marker because they had the same fluorescence signal as cells reacted with an isotype-control antibody conjugated with the fluoroprobe (data not shown). Of the peripheral lung myofibroblasts interacting with the ␣-SMA antibody, two staining levels were observed. This suggested that the peripheral lung contains myofibroblasts with two levels of differentiation indicated by ␣-SMA expression and is consistent with the varying level of ␣-SMA immunoreactivity that we observed in peripheral lung myofibroblasts isolated from the WT mouse pup lung using epifluorescence microscopy (data not shown).
Decreased sGC activity in the sGC-␣1 KO mouse pup lung was associated with diminished ␣-SMA immunoreactivity in . Diminished sGC activity decreases smooth muscle myosin heavy chain (SMMHC) expression in the 70% oxygen-injured peripheral mouse pup lung. SMMHC immunoreactivity was determined using mouse pup lung sections using a specific polyclonal antibody and immunohistochemistry (depicted in red); cells were counterstained with hematoxylin. Whereas the peripheral lungs from P13 air-and 70% O2-exposed WT and air-treated sGC-␣1 KO pups exhibited SMMHC immunoreactivity in cells in the wall of peripheral lung arteries (arrow) and in alveolar septae (arrow head), SMMHC expression was decreased in 70% O2-treated sGC-␣1 KO pups. Representative images of 3 separate experiments are shown. Scale bar ϭ 20 m. . Lung volume (LV) is decreased in sGC-␣1 KO mouse pups, and 70% oxygen exposure decreased sGC-␣1 KO mouse pup body weight. A: LV and LV-to-body weight ratio of 13-day-old mice. N ϭ 12-14 mice per group. *P Ͻ 0.05. B: relationship between total pup weights and pup numbers in a litter. Each point represents data from 1 13-day-old litter; lines are linear regression models. All groups exhibit an effect of litter size on weight. Air-exposed WT and sGC-␣1 KO litters and 70% oxygen-exposed WT litters showed similar growth, whereas sGC-␣1 KO litters exposed to 70% oxygen had decreased growth (P Ͻ 0.05).
isolated lung myofibroblasts. The proportion of isolated cells exhibiting the highest level of ␣-SMA immunoreactivity was smaller for sGC-␣1 KO compared with WT mouse pup lungs (Fig. 8, highest cluster or right-most peak of the histograms). Cell counts within the polygonal gates illustrated in the scatter grams in Fig. 8 revealed that 52% of the cells isolated from the WT pup lungs exhibited the highest ␣-SMA immunoreactivity, but only 28% of the cells isolated from the air-exposed sGC-␣1 KO pup lungs had a similarly high level of ␣-SMA expression. The numbers of cells with intermediate ␣-SMA immunoreactivity were nearly 10%, and similar in both sGC-␣1 KO and WT lungs. Of interest, although exposure to 70% O 2 did not change the distribution of cells with and without ␣-SMA immunoreactivity in cells isolated from WT lungs, it diminished the number of non-␣-SMA-reacting cells and increased the number of ␣-SMA-expressing cells isolated from the sGC-␣1 KO mouse pup lungs. The differential effects of hyperoxia on ␣-SMA expression in peripheral pup lung fibroblasts depending on the mouse genotype suggest that sGC function may regulate myofibroblast differentiation in the injured mouse pup lung periphery.
DISCUSSION
Previously, we observed that hyperoxic lung injury decreases sGC expression as well as alveolarization and peripheral lung myofibroblast differentiation in the developing mouse lung (6, 53) . However, a direct link between sGC activity and lung development had not been defined. We now report that sGC has a role in regulating alveolarization in the injured newborn lung. We observed that, in contrast with WT animals, mouse pups deficient in sGC-␣1 have decreased pulmonary sGC enzyme activity, mild reductions in small airspaces, and reduced lung volumes and peripheral lung myofibroblast differentiation. However, acinar septation and somatic growth remained intact. Importantly, mild hyperoxic injury caused a severely disrupted alveolarization phenotype in the mouse pup lungs with decreased cGMP levels. In sGC-␣1 KO pup lungs, chronic inhalation of 70% O 2 decreased lung septation and somatic growth, decreased SMC contractile protein expression in peripheral pulmonary arteries and alveolar septae, and caused activation of peripheral lung fibroblasts compared with oxygen-injured WT or air-treated sGC-␣1 pups. These studies indicate for the first time the importance of sGC in promoting alveolarization in the injured lung.
sGC is a heterodimeric protein that produces cGMP upon stimulation by NO. However, the importance of the expression of each enzyme subunit isoform in forming functional sGC in the newborn lung is not fully understood. In the sGC-␣1 KO mouse pup model used for these studies, we observed that deficiency in the pulmonary expression of only one isoform, sGC-␣1, was sufficient to greatly decrease sGC enzyme activity levels in lung lysates. Although previously it was understood that sGC subunit expression increases in the peripheral lungs of newborn rodents (14), we observed a Ͼ75% decrease in sGC-␤1 expression and no change in sGC-␣2 expression in the sGC-␣1 KO mouse pup lung compared with WT. Interestingly, the reduction of sGC-␤1 expression observed in lungs of our sGC-␣1-deficient pup model has not been observed in all tissues in sGC-␣1 KO mice. For example, the level of sGC-␤1 protein expression was reported to be comparable in the aorta ␣-SMA expression was determined in peripheral lung myofibroblasts isolated from 9-day-old WT and sGC-␣1 KO mouse pups exposed to air or 70% O2, as indicated, using a fluorescently labeled ␣-SMA-reactive antibody and flow cytometry. The cell data were automatically gated based on ␣-SMA staining level; representative ␣-SMA immunoreactivity (IR) scatter grams and associated probability-binned histograms and T(X) are depicted. ␣-SMA expression in each genotype was differently modulated by 70% oxygen exposure. A minimum number of 5,000 cells was analyzed, which were obtained from 4 mouse pups in each group. of adult sGC-␣1 KO and WT mice. However, a reduction of sGC-␤1 protein expression, similar to that which we observed in sGC-␣1 KO pup lungs, was measured in adult lungs with the same genotype (19, 47) . It is likely that diminished sGC activity in the lungs of sGC-␣1 KO mice is not only due to this reduction of sGC-␤1 expression. It is also possible that truncated sGC-␣1 expressed in the sGC-␣1 KO mouse binds to residual sGC-␤1 and thereby inhibits sGC activity through a transdominant-negative mutation mechanism (19) . Furthermore, although it is possible that sGC-␤1 might homodimerize and thereby reconstitute cGMP-producing activity, for homodimerization has been observed in sGC isoforms overexpressed in cultured cells, generally such sGC homodimers are catalytically inactive (79) . Therefore, it is likely that residual sGC activity observed in sGC-␣1 KO lungs results from sGC-␣2␤1 (25) . Our observation that sGC enzyme activity is decreased by about 100-fold in the sGC-␣1 KO mouse pup compared with the WT lung confirms the reports of others that sGC-␣2␤1 plays less of a role in producing cGMP than sGC-␣1␤1 in the lung (19, 47) .
The observation that pulmonary development is decreased in sGC-␣1 KO mouse pups, especially those exposed to hyperoxic lung injury, supports the notion that sGC plays a direct role in regulating alveolarization. On postnatal day 3, no difference in peripheral lung development was observed in sGC-␣1 KO mouse pups compared with age-matched WT controls. This observation was expected because very little sGC is expressed during fetal rodent lung development (14) . Therefore, the similar low level of fetal WT and sGC-␣1 KO sGC expression has no apparent role in modulating lung embryogenesis or branching and primary septation. In contrast, at nearly 2 wk of age, the air-breathing sGC-␣1 KO mouse pups had mild structural changes in the distal airways compared with WT pups. Inspection of the airspace structure in lung sections suggested that sGC-␣1 KO mouse pups had larger and more simplified peripheral airway units than the control pups. To objectively quantify these observations, we developed a novel approach that simultaneously quantifies the size and shape of the distal airways, the LArC analysis. We believe that using the LArC analysis in conjunction with other indicators of internal surface area (Lm and lung volume) and of alveolar formation (alveolar ring estimator and septal density) can provide a comprehensive survey of the anatomical changes that occur during septation of the developing lung. Moreover, we believe that such a survey might permit determination of the way septation of the saccular airways in the developing lung is modified by injury or therapeutic interventions. Although these indices have some overlap in the structural features that they assess, they consider different aspects of alveolarization. Through the LArC analysis, one can focus on changes in the abundance of small and round airways, which are most likely gas-exchanging units that form during alveolarization. Although the ARE can be used to assess the increase in distal airway connectivity that occurs during alveolarization, the Euler characteristic from which ARE is derived does not examine the size of the newly formed peripheral lung units, which might be influenced by lung injury. Moreover, although the Lm does provide an index of airway size, the Lm samples both terminal and conducting airway dimensions and is therefore not optimized to parse and then permit examination of newly forming alveoli. Although other investigators have used a curve-fitting approach to help resolve the Lm data obtained from adult gerbils into chord-length distributions attributed by alveoli and conducting airways (43) , this approach does not work in the mouse, and it does not take advantage of the use of airway geometry to help distinguish differences in these lung compartments. Moreover, although the LArC analysis samples alveoli and conducting airways, given the abundance of the former in the mouse lung, we believe that the LArC analysis can give an estimate of alveolar formation. The LArC analysis in these pups suggested that the air-breathing sGC-␣1 KO pup had an abnormality in the development of small-round airspaces, the characteristic size and shape of alveoli. This finding is consistent with the decrease in lung volume of these pups. A lack of decrease in the ARE suggested that decreased sGC activity, alone, did not inhibit the formation of alveolar rings. These data suggest that alveolar formation might be driven by other signaling systems in the lung.
In this investigation, we also examined the effect of decreased sGC activity on SMMHC expression in the peripheral mouse pup lung. We chose to examine the expression of SMMHC, which is a marker of SMC differentiation, because studies suggest that NO and cGMP signaling play an important role in regulating vascular SMC phenotype and proliferation. For example, previously, we reported that NO and cGMP regulate pulmonary artery SMC differentiation through stimulating PKGI (21) . Nuclear cGMP signaling in vascular SMC appears to require PKGI proteolysis, in part mediated by proprotein convertases, and the nuclear translocation of an active kinase fragment that transactivates gene expression (38, 70) . Moreover, others have observed decreased pulmonary vascular development in newborn (10) and increased muscularization of peripheral lung arteries in adult mice with NOS deficiency (69) . We previously observed that inhaled NO decreased abnormal SMC proliferation in the small pulmonary arteries of rat pups with lung injury (64) in a manner that did not require vasodilatation (63) . Furthermore, we previously observed that hyperoxia decreases sGC-␣1 expression and ␣-SMA protein levels in the peripheral lungs of mouse pups (6, 53) . In the present study, we report that the decreased sGC enzyme activity in the sGC-␣1 KO mouse pup is associated with decreased SMMHC expression in SMCs located in peripheral lung pulmonary arteries and alveolar septae in the oxygen-injured lung. We also tested whether the decreased sGC level in the sGC-␣1 KO pup lung was associated with fibroblast activation in the O 2 -induced injury. Although the number of ␣-SMA-expressing fibroblasts was decreased in the sGC-␣1 KO pup lung, we observed that 70% oxygen-induced lung injury increased fibroblast activation in these lungs, as shown by increased numbers of ␣-SMA-expressing fibroblasts. These studies suggest that sGC enzyme activity modulates the differentiation of cells in the peripheral lung that contribute to formation of microvasculature and alveoli, particularly in the setting of lung injury.
The results of these studies support the role of sGC in regulating the development of the injured mouse pup lung, and further investigation is needed. For example, because sGC-␣1 was not selectively knocked out in the lung in our mouse model, we do not know whether impaired lung development was due exclusively to abnormal pulmonary cGMP signaling. However, a suitable model of animals with genes selectively knocked out in pulmonary vascular SMC is not currently available (62) . Recent studies have pointed to the importance of circulating mesenchymal or bone marrow-derived stem cells in the promotion of lung development (4, 9) . Although it is unknown whether these cells express NO-signaling enzymes, it is possible that sGC deficiency in such cells in sGC-␣1 KO mice inhibited newborn lung development. Moreover, our model does not exhibit complete deficiency of pulmonary sGC. Although the cGMP levels were low in the sGC-␣1 KO mouse pup lung lysates, they contained some residual sGC activity as demonstrated by the induction of cGMP production following SNP treatment. Nevertheless, our results are likely to be relevant to in vivo processes contributing to inhibited alveolarization in the newborn because other newborn lung injury models demonstrate reduced, but not absent, sGC isoform expression (11, 13, 72) . Interestingly, some studies have demonstrated that inhaled NO improves lung development in premature animals (12, 45) . Our work reported here suggests that decreased sGC expression may play a role in preventing inhaled NO therapy from ameliorating lung development in the injured newborn lung. Future studies should investigate whether cGMP replacement in the sGC-␣1 KO mouse pup lung rescues the effects of hyperoxia on diminished lung development. Furthermore, because our results suggest that sGC regulates SMC/myofibroblast phenotype in the developing lung, future studies should investigate the role of sGC modulation of these cells in lung development with and without injury.
Although the mechanisms through which sGC regulates or protects lung alveolarization are unknown, several studies suggest that cGMP has a role in regulating the differentiation and proliferation of cells that program lung development. For example, cGMP-stimulated PKGI has been shown, not only to regulate pulmonary vascular cytoskeletal kinetics, but also to modulate cell phenotype and proliferation (reviewed in Refs. 26 and 60) . Although the precise mechanisms through which cGMP regulates cell phenotype are incompletely understood, recently, cGMP-stimulated PKGI has been observed to undergo proteolysis, in part through the activity of proprotein convertases (38) , and a constitutively active PKGI kinase fragment has been observed to localize in the nucleus of cells (70) . This nuclear PKGI has been observed in some studies to be required for the transactivation of gene expression by cGMP (29, 70) . The studies detailed here suggest that sGC plays an important role in regulating lung development and support the importance of future work to determine whether the protective activity of cGMP occurs through modulation of pulmonary PKGI.
In conclusion, the studies detailed here indicate that sGC is important for normal and injured lung development in the newborn. They suggest that decreased sGC activity directly contributes to diminished alveolarization in the injured developing lung and therefore that further understanding the role of sGC in this context will yield insights into potential new therapies to prevent important newborn lung diseases.
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